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The transport properties in the La1.32Sr1.68Mn2O7 layered manganite system have been studied in the
presence of magnetic ﬁeld up to 5 T. An analysis of the low temperature (To45 K) dependence of the
resistivity under hydrostatic pressure up to 25 kbars shows the spin-dependent Coulomb Blockade
phenomenon. The surface phase and the link condition in grain boundaries are suggested to be
responsible for the magnetoresistance data while inﬂuencing the charge transfer probability between
grains.
& 2012 Elsevier B.V. All rights reserved.1. Introduction
Electrical transport in granular metals has been extensively
studied since the pioneering work of Helman and Abeles in the
1970s [1–3]. In such materials, the conductance results from
carrier (electron or hole) displacement from charged to neutral
grains. Each granule creates an electric ﬁeld in its entourage and
acts as a plate of micro-capacitor with capacitance C. The
transportation of electrons involves an electrostatic energy Ec.
The charging energy, Ec, can be written as [4]
Ec¼ e
2
4pee0d
¼ e
2
2C
ð1Þ
where e is the electronic charge and d is the grain size, e and e0 are
the permeability of the vacuum and the relative permeability,
respectively.
Granular systems are generally limited by the Coulomb block-
ade (CB) phenomenon. From Eq. (1), it is immediately deduced
that the charging energy becomes more important for very small
diameter. Consequently, for small grain sizes, the activation of the
transport becomes more and more difﬁcult as the temperature
decreases. This situation may evolve to a point in which the
transport could be effectively blocked, which explains the
observed increase in the resistance of the system at very low
temperature where the electron localization effects take place.
Such observation has been reported for all granular metal ﬁlms
explored [2,5–7] and in some oxides [8,9]. This phenomenologyll rights reserved.has been explained in terms of the intergranular resistivity and
the spin polarization effects. Balcells et al. [6] report their
measurements on a series of ball-milled powdery compacts of
La2/3Sr1/3MnO3, annealed at different temperatures so as to vary
the grain size. They explained the observed behavior in the
electronic transport properties at low temperatures as due to an
intergranular Coulomb barrier of electrostatic origin. The same
interpretation has recently been given to explain the electrical
transport properties of nanostructured ferromagnetic perovskite
oxides La0.67Ca0.33MnO3 and La0.5Sr0.5CoO3 at low temperatures
(0.3 KrTr5 K) [9].
On the other hand, the magnetoresistance (MR) of perovskite
manganites Re1xAxMnO3 (Re and A are rare earth and alkaline
ions, respectively) has attracted intense research since Von
Helmolt et al. [10] observed MR of 150% in La0.66Ba0.33MnO3 at
ambient temperature in 1993 with magnetic ﬁeld up to 50 kOe. In
order to understand the low temperature MR mechanism in
manganites, more detailed investigations are still required.
In this paper we are assessing the underlying mechanism
contributing to the low temperature behavior of resistivity in
the La1.32Sr1.68Mn2O7 layered manganite system.2. Surface phase and link condition in grain boundaries
Several authors have shown that the grain boundaries play an
important role for the MR [11–14]. Some mechanisms such as
Spin Polarized Tunneling (SPT), nearest neighbor hopping and
spin-dependent scattering have been shown in speciﬁc situation
[11,15,16]. Electron displacement from one Mn site to the other is
effected by Double Exchange (DE). This process is a real charge
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and O 2p orbitals [17]. The basic idea of DE mechanism is that the
initial and ﬁnal states are degenerate states, leading to a deloca-
lization of the hole on the Mn4þ site or electron on the Mn3þ site.
Thus the transfer of an electron occurs simultaneously from
Mn3þ to O2 and from O2 to Mn4þ .
In the grain surface existence of the noncoordination atoms or
dangling bonds effect the DE mechanism. At low temperature
Mn–O–Mn bonds are expected to be broken at the grain surface
[18], which may limits the DE, leading to an insulating behavior in
the ferromagnetic phase.
By applying an external magnetic ﬁeld spin magnetic
moments of two neighboring Mn ions at the neighboring grains
get aligned [8,19], which may establish a good magnetic contact
and help electrons to ﬂow from grain to grain.
On the other hand, the application of pressure results primar-
ily in tilting of the MnO6 [20], which make a canted spin order in
the MnO2 ferromagnetic layer. Hence, the relative SPT between
neighboring grains reduces, and therefore the MR ratio decreases
with increasing pressure.3. Experimental details
The stoichiometric polycrystalline La22xSr1þ2xMn2O7 (x¼0.34)
sample was prepared by the standard high temperature solid-state
reaction method [21]. The mixed stoichiometric root powders were
calcined at 1150 1C and the ﬁnal product was sintered at 1300 1C.
The room temperature powder XRD patterns of the prepared
compound were recorded in the 2y range of 201–801 as shown in
Fig. 1. The patterns were analyzed with the Rietveld method using
the GSAS program. A commercial SQUID magnetometer (Quantum
design) was used to perform the magnetization measurements
with the function of temperature and ﬁeld. The electrical resistance
was measured by the standard four probe method. The four probe
electrodes were made on the sample using a 25 mm Pt wire and a
silver epoxy. A home made self-clamp type hydrostatic pressure
cell, made of a non-magnetic Be–Cu alloy is used to measure the
electrical resistance under pressure up to 25 kbars. The applied
pressure at room temperature was monitored by Manganin coil
and the changes in superconducting transition temperature of Pb
was used to determine the pressure at low temperature. A normal
He4 cryostat was used to execute the low temperature measure-
ments down to 4.2 K and an external ﬁeld of up to 5 T.20 30 40 50 60 70 80
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Fig. 1. Room temperature powder XRD pattern of La1.32Sr1.68Mn2O7 compound.4. Results and discussion
In Fig. 2 we plotted the resistivity of the ambient pressure
sample as a function of temperature for magnetic ﬁeld going from
0 to 5 T. All curves share qualitatively the same features; a
pronounced peak is exhibited at metal insulator transition (MIT)
temperature TMI. This critical temperature varies from 128 K for
zero ﬁeld to 160 K for B¼5 T. The observed MIT is probably due to
the paramagnetic to ferromagnetic transition [22]. For T4TMI,
resistivity shows a negative temperature coefﬁcient (dr/dTo0),
indicating an insulating behavior, whereas dr/dT40 between
45 K and TMI, suggesting a metallic behavior. For polycrystalline
cold pressed compacts, the resistance is generally divided into
body resistance and interface resistance. The latter is dominant
for samples with small grain size, thus the metallic like behavior
(dr/dT40) is not observed at low temperature To45 K.
The same evolution is qualitatively observed when examining
the effect of pressure on the resistivity as shown in Fig. 3. The
temperature TMI is generally close to the curie temperature TC
[8,9,22]. On the other hand, TC is inversely proportional to the
grain size in manganites [23–26]. As TMI increases with increasing
pressure in our case, we infer that the pressure reduces the grain
size as shown by Tang et al. [27]. Finally, we assume that the
magnetic ﬁeld has the same effect as the reduction of grain size.
In the following, we focus on the resistivity behavior in the
temperature range 4.2 KoTo45 K, i.e., we are concentrating our
report on the insulating behavior in the ferromagnetic phase.
Zhang et al. [28] proposed a core–shell model to describe the
low temperature resistivity r(T). They assumed that the core of
the nanoparticles has the properties of the bulk material and low
freezing temperature for spins in the outer surface layer of the
particles. In this model, the resistivity may be written as
r¼ A1r0þA2exp
D
T
 1=2
ð2Þ
where r0 stands for the resistivity for the bulk material without
upturn below 45 K. the second term describes the CB effect
[8,9,19], i.e., increase in resistivity at very low temperature. A1
and A2 are constants. As already emphasized above, the CB
becomes increasingly dominant at very low temperature so that
the second term in Eq. (2) dominates over the ﬁrst one.
Instead T1 postulated for the pure CB [19], the best linear ﬁt
is obtained in the plot of ln(r) as a function of T1/2 which is0 100 200 300
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Fig. 2. Temperature dependence of resistivity at ambient pressure for various
magnetic ﬁelds. The decrease of the resistivity by increasing temperature is due to
the CB phenomenon below 45 K, whereas the negative MR is effected by the SPT.
0 50 100 150 200 250 300
0
20
40
60
80
100
120
140
 P=0 kbar
 P=5.9 kbars
 P=9.4 kbars
 P=25 kbars
ρ 
(m
Ω
cm
)
T (K)
B = 0 T
Fig. 3. Zero ﬁeld temperature dependence of resistivity for various forming
pressures. The reduction of grain sizes with increasing pressure is expected (see
text) and this gives the same effect as the magnetic ﬁeld.
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Fig. 4. ln(r) vs. T1/2 and linear ﬁt for sample at ambient pressure. As this shows
various slopes, we infer that the charging energy depends on the magnetic ﬁeld.
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Fig. 5. Factor r0 vs. magnetic ﬁeld for sample at ambient pressure.
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Fig. 6. MR at 4.2 K for various forming pressures. This is reminiscent of the
observation of a larger MR in weak-link sample than in strong-link sample in
Ref. [32].
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ﬁeld dependent given that this energy is also particle size
dependent [8,29]. The factor r0 exhibits a strong decrease with
applying magnetic ﬁeld as seen in Fig. 5. This evolution implies
that, on top of the invoked intergranular Coulomb barrier, there is
an underlying MR mechanism contributing to the low tempera-
ture behavior of the resistivity. In previous studies [8,19,30]
authors argue that the external applied magnetic ﬁeld opens
progressively new productive conduction channels that were spin
blocked before. The electron transfer probability between neigh-
boring Mn ions is written as [30]
teff ¼ t cos
y
2
 
ð3Þ
where y is the angle between the neighboring magnetic moments.
At very low temperature, spins of two neighboring Mn ions
get aligned with applying magnetic ﬁeld [8,19]. Therefore,
y decreases and teff increases. This establishes good magnetic
contacts, which promotes more carriers ﬂowing through grains.
The capacitances of individual particles become normalized by
coupling to the other particles, and therefore do not obey toEq. (1). Indeed, particles with good contacts show no CB effects,
even if their diameters are small [8,19].
Let us discuss the effect of the forming pressure on the MR
analogically with other works given that there is no general
conception on the microscopic mechanism of this effect. Spin
disorder in grain boundaries of polycrystalline [16] and suppres-
sion of spin ﬂuctuation in single crystal [11] are proposed to
be responsible for the high ﬁeld magnetoresistance (HFMR).
Lin et al. [31] and Zhang et al. [28] have reported the experi-
mental evidences for surface spin disorder in nanoparticles. Each
nanoparticle can be divided into a body phase and a surface phase
in which the Curie temperature (TCs) is lower than the one (TCb) in
the body phase. The MR attributed to the surface phase is
dominant for T)TCS and body phase plays an important role of
MR with increasing temperature.
In Fig. 6 it can be seen that MR increases with decreasing
pressure. This is reminiscent of the observation of a larger MR in
weak-link sample than in strong-link sample [32]. For higher
pressure, the contact between grains becomes more and more
tight and barrier height reduces. Therefore, the magnetic inter-
action is strengthened and alignment of spins becomes difﬁcult to
attain between neighboring grains, which weakens the MR.
The pressure dependence of the slope S¼dMR/dB is shown in
Fig. 7. This slope is obtained from linear ﬁtting of MR vs. magnetic
ﬁeld curves. For T¼4.2 K, it is shown that S (as an absolute value)
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Fig. 7. Slope S vs. forming pressure. The difference between curves reveals the
difference among ratios between surface phase and body phase.
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decreases for T¼100 K. This difference may reﬂect the difference
among ratios between surface phase and body phase. Under high
pressure, the sample has smaller grains and the proportion of
surface is bigger. Since the MR attributed to surface phase is
dominant at low temperature (T¼4.2 K), it is reasonable that the
MR effect is stronger in samples with high pressure. For T¼100 K,
the body phase plays an important role for MR. This renders the
system less sensitive to the magnetic ﬁeld. Therefore, S becomes
smaller even for high pressure.5. Conclusion
We have analyzed the MR of the polycrystalline La1.32Sr1.68Mn2O7
layered manganite system under hydrostatic pressure up to 25 kbars.
At low temperature (To45 K), the resistivity is found to be propor-
tional to exp(T1/2), which is suggested to be due to spin-
dependent CB.
To explain the magnetic ﬁeld effect, we can propose a simple
empirical model where the conduction is established through
many tunneling paths (magnetic contact points where the overlap
of electronic states of two neighboring grains takes place). i.e., the
equivalent circuit contains many parallel resistors where the
number is equal to the number of point contacts N, and the
resistivity of each one is h/e2. As the number N increases with
increasing magnetic ﬁeld, the resistivity decreases, which allows
understanding the observed negative MR. At low temperature thiseffect increases, in particular for high forming pressure samples
where the surface phase is dominant over the body phase.References
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